• The circulation of the renal medulla has attracted considerable interest since the concept of a countercurrent multiplier system for the concentration of urine was introduced in 1951 by VVirz, Hargitay, and Kuhn. 1 ' 2 Although the medullary blood flow was not considered in these first papers, it has later become clear that the vasa recta, forming loops in the medulla, function as a passive countercurrent exchange system, 3 ' 4 and that this is a necessary provision for maintaining a high osmotic concentration in the medullary interstitium.
It has been pointed out that changes in medullary blood flow will influence the concentration of solutes in the medulla, and thereby the osmolal concentration of urine. Bi °A lthough the high medullary concentration of sodium chloride and urea in antidiuresis certainly indicates a high efficiency of this passive countercurrent exchange system, relatively few attempts have been made to study the system with inert substances, thus excluding the effects of active transport. 7 " 10 The information obtained in these studies has also been limited by the lack of methods for continuous recording of local tissue concentration. The development of a method for continuous recording of local tissue concentration of hydrogen gas with a needle-shaped platinum electrode" provided an opportunity to study the uptake or removal of this highly diffusible substance from the renal medulla.
Methods
A total of 21 experiments were performed on mongrel dogs weighing 12 to 23 kg. Anesthesia Received for publication May 4, 1964. was induced with pentobarbital sodium, 30 mg/ kg iv, and maintained with subsequent smaller doses. A tracheal cannula was inserted to secure a free airway. A priming and sustaining infusion of sodium para-aminohippurate (PAH) was given iv at a rate providing a constant plasma concentration in the range of 1 to 3 mg/100 ml. The left kidney was exposed retroperitoneally through a flank incision, but was not dissected free. The ureter was cannulated with a polyethylene tube for urine collection. Arterial blood samples for determination of hematocrit, osmolality and PAH were drawn in the middle of 10-to 15-minute clearance periods from an indwelling catheter in the brachial artery, PAH was determined by the method of Bratton and Marshall 12 and osmolality with a Bowman freezing point depression apparatus. Effective renal blood flow (ERBF) was calculated from the PAH clearance without correction for PAH extraction.
HYDROGEN MEASUREMENT
The setup used for polarographic hydrogen determination was as previously described 11 : A calomel electrode (saturated KC1) was used as polarizing electrode and an external resistance of 10 r ' ohm was used in all experiments. The tissue platinum electrodes, made as previously described, had active tips 1 to 2 mm long. In the first experiments the platinum electrodes were cathodized lightly in platinum chloride solution before use. n It was found during the present study, however, that unplatinized electrodes worked as well as platinized. In most of the experiments the electrodes were therefore only cleaned and brightened by gentle scraping of the tip with a razor blade before use.
As discussed previously, 11 the "diffusion area" created around the electrode by hydrogen consumption may cause a considerable delay in the recorded desaturation curve in tissues with low blood flow. As this turned out to be a problem in the inner medulla, an attempt was made to reduce the catalytic activity of the electrode and thereby reduce the hydrogen consumption and current. This was based on the hypotheses that if the hydrogen consumption (and current) is limited by the rate of the catalyzed reaction at the electrode surface (H 2~* 2H + + 2e) and not only by the availability of hydrogen, the hydrogen concentration at the electrode surface would not be reduced to zero. A smaller area of tissue would then be depleted of hydrogen, and the delay between changes in tissue hydrogen concentration and changes in the recorded current should be avoided or diminished. It was found that immersion of the electrode in 2% sodium cyanide solution for one-half to one hour at nxim temperature reduced the current produced by a given hydrogen concentration in a well stirred solution by 80 to 90% compared to an "unpoisoned" electrode. The current was linearly related to hydrogen concentration and the response as fast as for untreated electrodes. Furthermore, the current was virtually independent of stirring, indicating diat the current was limited by the reaction rate. Cyanide poisoned electrodes were used in the inner medulla in four experiments. The current was here found to be reduced only by 50* or less. As will be shown below, however, this was sufficient to reduce the delay appreciably.
HYDROGEN ADMINISTRATION
Hydrogen gas was added to the tracheal tube at a rate giving an arterial concentration of 3 to 5% of full saturation. This procedure is hereafter referred to as hydrogen respiration. In four experiments a positive pressure respirator was used. Since this was found to reduce the renal blood flow considerably, spontaneous respiration was used in the remaining experiments. Hydrogen respiration was maintained until complete equilibration of the medulla with arterial blood had been obtained, as indicated by a constant current from all medullary electrodes. In order to shorten the equilibration period, which might take one hour or more with constant hydrogen respiration, a higher criming concentration was usually given for the first five or ten minutes. When the hydrogen respiration was suddenly stopped, the desaturation curves were obtained from two or three electrodes by intermittent recording of the current from each electrode by means of a three-way switch.
With respect to the slow desaturation rate in the inner medulla, the arterial desaturation curve obtained by stopping hydrogen respiration may, for practical purposes, be considered as a square wave. For measurements in the outer medulla with its much higher desaturation rate, a more rapid arterial desaturation was desirable. This was obtained in five experiments by injecting 3 to 15 cc of hydrogen dissolved in saline (saturated with 100* hydrogen at one or two atmospheres) through a catheter introduced through the right carotid artery into the ascending aorta.
ELECTRODE POSITIONS
In each experiment two to four electrodes were inserted into the medulla from the convexity of Circulation Heietrcb, Vol. XV, November 1964 the kidney, through the renal cortex. In preliminary experiments urine hydrogen desaturation was recorded in a small chamber attached to a short polyethylene catheter introduced into the upper ureter. At a urine flow of 1 to 2 cc/min or less, the washout curves showed a rapid initial desaturation and then a second slower component with a slope corresponding to that obtained simultaneously in the papilla. This pattern appeared to be due to loss of hydrogen from urine to pelvic and/or ureteral mucosa and it therefore seemed hazardous to consider the hydrogen concentration of ureteral urine as representative of that in urine leaving the collecting duct. In four experiments tissue electrodes were therefore inserted through the kidney into the renal pelvis in such a way that the active electrode tip just projected from the tip of the papilla ( fig. 5 ).
After completion of the experiments, usually including three to six desaturation curves, the kidney was removed, undamped, and the electrodes were carefully dissected out. The position of the active tip of each electrode was measured as its distance from the corticomedullary border as defined by the arcuate arteries. The thickness of the cortex, outer and inner medulla (including the papilla) was also measured. To make possible a comparison between different experiments the electrode positions were also recorded as per cent of the distance from the corticomedullary border to the tip of the papilla. The kidney was weighed after removing perirenal tissue.
In the experiments in which urine desaturation curves were recorded, the kidney was weighed before unclamping the renal pedicle, to permit a comparison of the amount of hydrogen removed by urine to the amount present in the kidney.
PRESENTATION OF RESULTS
Since absolute calibration of tissue electrodes has not been possible, the current resulting from oxidation of hydrogen, i H .,, has been-plotted in arbitrary units, taking the initial equilibration value as 100. Due to small varations in the base line, reliable values could not be recorded when the tissue concentration was less than 5% of the initial concentration, i.e., below 1 to 2 mm Hg hydrogen tension.
Results

DESATURATION FOLLOWING COMPLETE EQUILIBRATION OF THE MEDULLA
A total of 126 technically satisfactory desaturation curves were recorded from 35 different electrode positions in 15 experiments following complete equilibration of the me-dulla by hydrogen respiration. The effective renal blood flow (calculated from the PAH clearance) measured during inscription of these curves varied between 210 and 540 cc/ min/100 g kidney weight. Five desaturation curves were recorded during ureteral occlusion. The ureteral catheter was clamped after equilibration had been obtained and about 10 minutes before stopping hydrogen respiration, and remained occluded throughout the whole desaturation period. The urine flow in the remaining experiments varied between 0.03 and 5.1 cc/min.
INNER MEDULLA AND URINE
Desaturation curves recorded at low urine flow from three different electrodes in the inner medulla are shown in figure 1 , where the current is plotted on a logarithmic scale against time. Following the abrupt stop of hydrogen respiration there is a marked delay of several minutes duration before any measurable reduction of the current is observed, and the delay increases towards the tip of the papilla. The desaturation curves then gradually approach exponential curves with slopes practically identical for the three electrodes. This was a general finding for electrode positions in the inner 65% of the medulla, including most of the inner zone. Generally, the initial delay was less than in the experiment shown in figure 1 , in which the renal blood flow was considerably below normal (figs. 2a and 5).
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The slope of the exponential part of the desaturation curves, representing the fractional rate of hydrogen removal (k) was, at
Effect of urine flow on hydrogen desaturation rate recorded by two electrodes in the middle of the medulla. Spontaneous respiration. IV infusion of 10% mannitol continued throughout ureteral occlusion. The urine flows before and after occlusion of the catheter were 5 and 6 ml/min respectively. the lowest urine flows, of the order of 0.05 min^1. Curves recorded during ureteral occlusion showed desaturation rates of the same magnitude and were unrelated to urine flow in the pre-occlusion period. Mannitol infusion did not increase the desaturation rate obtained during ureteral occlusion ( fig. 3 ).
With increasing urine flow the desaturation became faster, as illustrated in figure 2a, which shows two sets of desaturation curves, one set obtained during ureteral occlusion and the other set at a saline diuresis of 0.7 ml/min. In any one experiment this relationship was already obvious at low urine flow, as exemplified in figure 2b, and is also clear when data from 14 experiments are treated together: At urine flows of 0.1 to 5 /ul/min/g kidney weight the mean desaturation rate was 0.074 min" 1 (N = 20, SE = 0.0042), while in the flow range of 5.1 to 10 fil/min/g a mean rate of 0.14 (N = 17, SE = 0.011) was obtained ( fig. 4 ). Further rise of urine flow was regularly associated with increasing desaturation rates in the inner medulla, as evident from figure Comparison of desaturation curves recorded with ordinary platinum electrodes in the papillary Up (M t and M 2 ) and in pelvic urine (M 3 which urine flow was increased by infusion of 10% mannitol rv. Figure 3 also illustrates the general finding that the desaturation rate was largely unrelated to effective renal blood flow, which may be taken as a rough indicator of total renal flow. The marked association between urine flow and desaturation rate over a wide range is also evident when desaturation rates from the inner 652! of the medulla obtained in 14 experiments are plotted against urine flow per g kidney weight ( fig. 4 ). Diuresis produced by intravenous infusion of 0.45 or 0.9% saline or by 10$ mannitol showed no consistent difference, nor was there any correlation between urine osmolality and hydrogen desaturation rate. The slope of urine desaturation curves obtained from electrodes in the renal pelvis was practically identical to the slope of desaturation curves recorded simultaneously from electrodes in the papilla ( fig. 5 ). However, the initial delay was considerably less than for the tissue curves.* As discussed above, this could mean an artificial delay in the tissue curve resulting from hydrogen depletion of a considerable volume of tissue around the electrode. This hypothesis was confirmed by using cyanide poisoned electrodes, which gave tissue curves very close to urine curves ( fig. 6 ). It should be noted, however, that the cyanide poisoning in several instances failed to reduce the electrode current appreciably and then also failed to abolish the delay.
OUTER MEDULLA
Desaturation curves from the outer 35% of the medulla (including outer zone + the most superficial part of inner zone) showed a pattern different from that described above for the inner medulla. Following a short delay the curves showed a fast initial desaturation rate, gradually slowing down to a slope of the same order of magnitude as that obtained simultaneously in the inner medulla ( fig. 7) . The initial slope, read as the steepest portion of the curve, showed, in most experiments, a small increase at increasing urine flow, as illustrated in fig. 8 . It should be noted, however, that the correlation with urine flow was I . J
MINUTES
FIGURE 6
Papillary desaturation curve recorded with cyanide treated electrode compared to pelvic urine desaturation. Saline infusion. Urine flow 0.33 cc/min. ERBF 325 cc/min/100 g. KW 33 g. Note that ordinate scale is not logarithmic in this figure.
* In many attempts to measure pelvic urine desaturation the electrode was advanced too far and into the pelvic mucosa or peripelvic tissue. This invariably resulted in fast desaturation curves (half-times of the order of one minute), indicating a high blood flow in these structures.
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435 not nearly as marked as for the inner medulla. The marked variations of the desaturation rates shown in figure 8 correspond roughly to the distance from the corticomedullary border, the highest desaturation rates being recorded in the most superficial part of the outer medulla.
DESATURATION FOLLOWING INCOMPLETE SATURATION OF THE MEDULLA
For the slow desaturation rates observed in the inner medulla, the arterial desaturation, which is nearly completed in one minute or less, 11 may, for practical purposes, be regarded as instantaneous. On the other hand, the fast initial desaturation in the outer medulla may be considerably influenced by the gradual arterial desaturation, and thereby yield values that are too low. In five experiments, including 13 different electrode positions in the outer medulla, hydrogen was therefore given by intra-aortic infusion of hydrogen saturated saline. Following a single rapid injection of 3 to 10 cc (which gave barely detectable concentrations in the inner medulla), the desaturation rate in the outer me- Desaturation of inner and outer medulla following complete equilibration with hydrogen. Urine flow 0.03 cc/min. 10 20 30 40 50 URINE FLOW, /iL/MIN/G
FIGURE 8
Relationship between urine flow and desaturation rate in the outer 35% of the medulla following complete equilibration by respiration. Average electrode position 23% of the distance between the corticomedtillary border and the tip of the papilla. The k-values represent the initial slope.
dulla was considerably faster than when complete equilibration had been obtained. Furthermore, the late slow component ( fig. 7 ) was much less marked, so that most of these desaturation curves approached a single exponential. The fractional rate of removal obtained in the outer medulla with this technique showed no correlation with either urine flow or ERBF ( fig. 9 ), although the latter was not studied over sufficient range to permit any definite conclusion. Five electrode positions in the most superficial part of the medulla or at the very border of the cortex showed an extremely rapid first component ( fig. 10 ). The maximum initial desaturation rates recorded for each of these five electrode positions were: 5.2, 6.4, 7.6, 9.0, and 12.0 min" 1 , respectively. Relationship between hydrogen desaturation in the outer medulla following a rapid infusion of 5 to 10 cc hydrogen saturated saline into the aorta. The kvalues represent the initial slope.
considerably lower desaturation rates for the renal cortex. In the example given in figure  10 in which a part of the electrode tip was clearly in the cortex, it will be seen that the second component gave a desaturation rate in good agreement with ERBF, which mainly represents cortical flow. The diagram also demonstrates the general finding that an intraarterial infusion sustained over sufficient time to give fairly good equilibration of the cortex, changed the relative magnitude of the two components, but did not abolish the fast initial component.
It should be noted that desaturation curves obtained from electrodes in the outer medulla were less reproducible than curves from the inner medulla. This can presumably be ascribed to small changes in electrode posi-tions which might occur especially when infusions of mannitol caused swelling of the kidney.
Discussion
COMMENTS ON THE METHOD
The method used for hydrogen determination does not give absolute concentrations; however, a linear relationship between hydrogen concentration and current has been established in a large number of in vitro tests. 11 Furthermore, exponential desaturation rates and independent flow measurement strongly suggest that a linear response is also obtained 
Rapid initial desaturation rate at the corticomedullary border following a) rapid single intra-aortic injection of hydrogen saturated saline (A) and b) intra-aortic infusion over 25 seconds (B). ERBF 435 cc/min/100 g. Mannitol diuresis, 1.3 cc/min. Curve B has been arbitrarily displaced to right to avoid superimposition on curve A.
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RENAL MEDULLARY COUNTERCURRENT SYSTEM 437 from electrodes inserted into a tissue. 11 The delayed response observed in tissue with low blood flow is an obvious disadvantage of the method. It should be noted, however, that the previous conclusion that the correct slope is obtained in spite of the delay n is further supported by the observations made in the present study, i.e., by the identical slopes of desaturation curves of pelvic urine and renal papilla, with and without delay (figs. 5 and 6). In accordance with the theory, the increasing delay towards the tip of the papilla observed with unpoisoned electrodes, indicating that decreasing amounts of hydrogen are brought to the electrode by convection, probably reflects a decreasing blood perfusion from the corticomedullary border towards the papillary tip. It should be pointed out in this connection, however, that although the delayed start of desaturation curves from the inner medulla may be partly artificial, there is also considerable initial delay in desaturation curves recorded in pelvic urine, where the stirring presumably will prevent any artificial delay. An important question is whether the curves recorded from one electrode represent a homogeneous tissue with respect to hydrogen desaturation. This is presumably the case in the inner medulla, where the slopes of the curves were very similar in different locations. In the outer medulla, however, where the desaturation rates may change markedly over small distances, the active electrode surface is probably large enough to be affected by the desaturation of two or more different areas ( fig. 10) . It is therefore possible that the complex curves recorded in the outer medulla may partly represent a summation of desaturation curves from different areas with different desaturation rates and varying delay. The arbitrary use of the initial slope (figs. 8 and 9) and the considerable scattering of the values should be seen on this background.
COMMENTS ON THE RESULTS
Before discussing the observations in detail a general description and interpretation of the hydrogen desaturation of the renal CtrcuUtio* Rtsurcb, Vol. XV, Nortmttr 1964 medulla is given: At the start of desaturation the hydrogen tension is the same in arterial blood and tubular fluid entering the medulla, in the medulla itself and in urine. When hydrogen respiration is abruptly stopped, the arterial hydrogen concentration is lowered to less than 10% of its initial value in 40 to 50 seconds. 11 The most superficial part of the outer medulla is cleared rapidly as hydrogen is removed by the venous branches of the vasa recta and the ascending limbs of the loops of Henle. On the other hand, the desaturation of deeper layers of the medulla is greatly impeded by the countercurrent flow in the vasa recta and the loops of Henle,hydrogen will diffuse from blood and tubular fluid flowing towards the cortex into entering blood and fluid with lower hydrogen tension. A recirculation of hydrogen within the medulla is thereby created, and the efficiency of the flow with respect to hydrogen removal is greatly reduced. The desaturation of the inner medulla therefore shows an initial delay and thereafter proceeds slowly, so that the concentration at the tip of the papilla remains high at a time when the outer medulla is nearly completely desaturated. The fluid within the cortical part of the collecting ducts is presumably desaturated as fast as the surrounding cortical tissue (usually a half-time of 10 to 20 seconds, assuming instantaneous arterial desaturation). Flowing through the medulla the collecting duct fluid will pick up hydrogen, presumably being nearly equilibrated with the surrounding tissue at any crosssectional level of the medulla. Thus the urine will leave the kidney with a hydrogen tension equal to that of the papillary tip, and thereby remove hydrogen at a rate proportional to urine flow and to the tip concentration. Urine flow will therefore have a high efficiency with respect to hydrogen removal.
The relative importance of blood flow, loop of Henle flow and urine flow will be discussed below. The following assumptions are made:
1) The solubility of hydrogen is assumed to be the same in blood, urine, and tissue. Since a very slightly higher solubility was. found in saline than in blood, 11 it is conceivable that the urine/blood and urine/tissue partition coefficient is slightly above unity. For the sake of simplicity, however, the partition coefficients are taken as 1.00.
2) The specific gravity of the kidney is taken as 1.00.
EFFECT OF URINE FLOW
The strong correlation between urine flow and inner medullary desaturation rate ( fig.  4 ) might result from an increase in medullary blood flow accompanying increasing urine flow, as suggested by Thurau et al.° on the basis of dye dilution curves. It seems unlikely, however, that an increase in blood flow could account for the 15-fold increase in desaturation rates observed with an increase in urine flow from the lowest values to approximately 5 cc/min ( fig. 4 ). It seems, therefore, appropriate to consider whether the amount of hydrogen actually removed from the kidney by urine is sufficient to account for the correlation between urine flow and inner medullary desaturation rate. The amount removed by urine was calculated from 15 urine desaturation curves obtained in four experiments according to the formula
where C u is the urine concentration in arbitrary units C,, o taken as 100 and V is urine flow in cc/min. The curve was integrated over a time t sufficient to provide 9735 desaturation or more. To compensate for the gradual arterial desaturation, zero time was defined as 25 seconds after stopping hydrogen respiration. The amount of hydrogen cleared by urine was then expressed as per cent of the amount of hydrogen present in the kidney at the beginning of desaturation: 100 QJC^. KW, where C< n is the initial tissue concentration = initial urine con r centration = 100, and KW is kidney weight in grams. The results, presented in figure 11 , show that increasing amounts of hydrogen are removed by urine with increasing diuresis. At a urine flow of 50 /d/min/g KW more than 20? of the total kidney hydrogen content, or two-thirds of the medullary hydrogen content, is removed from the kidney by urine. (The weight of the medulla is assumed to be 30$ of the whole kidney. 18 ) The smaller influence of urine flow on outer medullary desaturation rate suggests that the hydrogen removed by urine is predominantly derived from the inner medulla. (A considerable contribution from the outer medulla during high urine flow is indicated by figure 11 .) It is therefore clear that the inner medullary desaturation rate must be greatly dependent on urine flow, and no concomitant change in blood flow seems to be necessary to explain this dependency.
It should be pointed out that the late exponential slope of inner medullary desaturation curves has been used only as an empirical description of the curves, and does not pretend to give the basis for an exact analysis of the kinetics of the medullary desaturation.
EFFECT OF FLOW IN THE VASA RECTA AND THE LOOPS OF HENLE
The similar anatomical arrangement of the vasa recta and the loops of Henle suggest that flow in these two structures will have principally the same effect with respect to lipid soluble and highly diffusible substances 
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such as hydrogen. A rough estimate shows, however, that the amount of fluid entering the medulla through the loops of Henle must be small compared to blood flow: If the medulla receives all the blood from the juxtamedullary glomeruli, constituting 20% of the total number of glomeruli, and the blood flow in these is assumed to be the same as that in the cortical glomeruli, the medulla should receive 20% of the total renal blood flow. (This estimate is higher than the values obtained from dye dilution curves.) To estimate the flow in the loops of Henle it may be assumed that glomerular filtrate is 15% of the total blood flow, and that 75% of this is reabsorbed in the proximal tubules, leaving an amount of fluid corresponding to about 4% of the blood flow to enter the medulla in the loops of Henle. Even in osmotic diuresis, when less fluid is reabsorbed from the proximal tubules, the flow in the loops of Henle will be small compared to blood flow. The combined effect will, therefore, in the following be referred to as the effect of blood flow.
The rapid desaturation obtained in the outer medulla after incomplete saturation (hydrogen infusion) was not influenced by changes in urine flow ( fig. 9 ) and would therefore seem to be determined by blood flow. Unfortunately, the curves obtained with this technique were less reproducible than when complete saturation had been obtained and seem therefore not well suited even for qualitative measurements of medullary blood flow.
As discussed above, the blood flow seems to be of little importance in removing hydrogen from the inner medulla during diuresis. Judged from figure 4 the effect of blood flow would roughly correspond to a urine flow of approximately 5 /il/min/g kidney weight, or approximately 0.15 to 0.25 cc/minAidney. In other words, the concentration gradient established between the corticomedullary border and the tip of the papilla during desaturation is slowly broken down by blood flow, but is rapidly dissipated by a high urine flow. Since the absolute medullary blood flow CircuUtion Rnttrcb, Vol. XV, Novmitr 1964 by all estimates must be much higher than urine flow, this finding can be explained only by an extremely efficient countercurrent exchange mechanism for hydrogen. The net effect of this countercurrent exchange system is to provide a low concentration difference between the arterial and venous end of the vasa recta in spite of a high concentration in the intervening capillary loop. This A-V difference may be roughly estimated by the following considerations:
Assuming that the medulla receives 20% of a total renal blood flow of 4 cc/min/g this gives an average medullary flow of 2.7 cc/ min/g. If the medullary venous concentration were equal to inner medullary concentration, the removal rate would be 2.7 min" 1 . The observed washout rate in the inner medulla of 0.05 attributable to blood flow ( fig. 4 ) would therefore indicate a venous concentration (arterial concentration = zero) of less than 2% of inner medullary concentration. (The flow value of Ullrich et al. 14 
would
give a figure of 3%.) It should be pointed out that the low medullary A-V difference estimated above applies only when the cortexpapilla gradient has been established. The rapid initial desaturation of the most superficial part of the medulla indicates, however, that the hydrogen concentration in medullary venous blood falls very rapidly to low levels while hydrogen is shunted from the venous to the arterial ends of the vasa recta. The extremely rapid desaturation occasionally recorded in this area ( fig. 10 ) probably reflects the desaturation of the vascular bundles formed by the vasa recta and the minimal amount of tissue within these bundles. This observation is consistent with the rapid initial hydrogen desaturation rate recorded with a catheter electrode in the renal vein and the hypothesis that this could represent a hydrogen shunt in the outer medulla. 11 (An artery close to the active electrode surface might possibly produce a rapid initial tissue desaturation curve. It should be pointed out, however, that this has never been observed in the renal cortex or in the myocardium. 11 Furthermore, it seems unlike-ly that diffusion through artery walls could be fast enough to account for the very rapid initial tissue desaturation. 15 )
COMPARISON TO OTHER STUDIES
The high efficiency of the medullary vascular countercurrent exchange system for hydrogen is in agreement with the findings of a slow medullary uptake of tritiated water, 7 krypton 85 and antipyrine 8 in hamsters and rats, respectively. White et al.° also demonstrated a much slower uptake of tritiated water in the medulla of dogs during ureteral occlusion than during free urine flow, analogous to the marked effect of urine flow on hydrogen desaturation demonstrated in the present study. Thorburn et al. 10 have recently estimated the disappearance of Kr 8s from the renal medulla by external counting over the kidney. The average desaturation rate for the inner medulla (0.17 mirr 1 ) corresponds to the values obtained by local measurement in the present study at a urine flow of 8 to 10 1/min/g. Unfortunately, no data are available to show whether the marked scatter of the values obtained in a given animal was associated with corresponding variations in urine flow. However, the studies are not directly comparable since, in the experiments of Thorburn et al., 10 the desaturation was started with much lower gas concentration in the inner medulla than in the outer medulla and cortex, while an even initial saturation was provided in the present study. Furthermore, owing to its higher diffusion coefficient, hydrogen might be retained more efficiently by the medullary countercurrent exchange mechanism. It is possible, however, that this difference is outweighed by the higher lipid solubility of krypton.-0 In any case, it would appear to us that the rate of uptake or removal of inert gases cannot be used as an indicator for medullary blood flow.
PHYSIOLOGICAL IMPLICATIONS
The efficiency of a passive countercurrent exchange system depends on the permeability of the loops to the substance studied. Hydrogen, with its high lipid solubility and high diffusion coefficient, will probably be more efBciently excluded during saturation and more efficiently retained in the medulla during desaturation than any other substance. The results presented above cannot, therefore, be transferred quantitatively to substances other than hydrogen, but may serve as a basis for some general conclusions.
OXYGEN
The demonstration of an equilibration of hydrogen between pelvic urine and tip of the papilla (fig. 6 ) suggests a high degree of equilibration across the walls of the collecting ducts for oxygen as well. The assumption that the low oxygen tension of pelvic urine reflects a low oxygen tension in the renal papilla therefore seems warranted. 1 " It follows also from the high efficiency of the countercurrent exchange system that a low papillary (and urine) oxygen tension can be maintained with a low medullary oxygen consumption and accordingly with a small medullary arteriovenous oxygen difference.
SODIUM CHLORIDE
Although the diffusion of sodium chloride through capillary walls is much slower than hydrogen diffusion, the exchange rate for sodium across muscle capillaries (which have a relatively low permeability), as given by Pappenheimer, 17 would seem sufficient for an efficient medullary countercurrent effect for sodium. This assumption is further supported by the demonstration of a slow incorporation of labelled sodium in the papilla of dogs during ureteral clamping. 0 (The incorporation due to blood flow alone is probably even slower than indicated by this study since complete cessation of flow in the tubules can not be expected to be obtained with only five minutes of ureteral clamping.)
The accumulation of sodium chloride in the medullary interstitium by active sodium transport out of the loops of Henle is assumed to be the main factor in urine concentration. The resulting osmotic water reabsorption from the collecting ducts, Tc B .,<>, can, in dogs, amount to 1% of total renal blood flow, or, using the same assumptions as above, approximately 5% of medullary blood flow. This reabsorbate, which by definition contains no sodium, tends to lower medullary sodium concentration, and has thereby an effect analogous to the effect of urine flow on hydrogen desaturation. On the other hand, the vasa recta, operating with a low A-V difference for sodium, will have a low efficiency in removing sodium from the renal medulla. In analogy with hydrogen removal by urine, the medullary sodium content might be mainly determined by the rate of water reabsorption from the collecting ducts and not be appreciably influenced by changes in medullary blood flow which might be associated with various states of diuresis. This general statement is emphasized by the following estimate: Given a renal blood flow of 100 cc/min, a medullary plasma flow of 10 cc/min and an osmotic diuresis with TCH-JO of 1 ml/min. The volume of 1 cc reabsorbed from the collecting ducts can leave the medulla only via the vasa recta, i.e., with a sodium concentration not very different from that of systemic plasma, say 140 /xEq/ ml, and will therefore remove 140 //.Eq/min regardless of medullary blood flow. Assuming a medullary A-V difference for sodium of 3 /u,Eq/ml, the medullary plasma flow of 10 cc/min will remove 30 /^Eq/min. Although this estimate of the A-V difference may be questioned, it does not seem unreasonably low on the background of the low papillary sodium concentration in osmotic diuresis and the high efficiency of the countercurrent exchange mechanism demonstrated in the present study. The medullary sodium concentration would therefore seem to be highly sensitive to variations in the amount of water reabsorbed from the collecting ducts, and the high medullary sodium concentration in antidiuresis is readily accounted for by the low TCH.,O in this case, without involving any changes in sodium transport or medullary blood flow. Furthermore, the low sodium concentration in the medulla during diuresis seems to be most readily explained by a high water reabsorption from the collecting ducts even in the absence of antidiuretic hormone, as proposed previously. 18 ' 19 It also follows that CircuUtion Rutard, Vol. XV. No«m*#r 7964 the influence of variations in medullary blood flow on papillary sodium concentration will be most pronounced during antidiuresis when the papilla-cortex gradient is high and the TCH.,0 is small.
Summary
The renal countercurrent exchange mechanism was studied by recording the removal of hydrogen gas from the medulla of dogs. Hydrogen was administered by respiration or by intra-arterial infusion of hydrogen-saturated saline. Simultaneous desaturation curves were recorded polarographically by means of two or three needle-shaped platinum electrodes inserted into various positions in the medulla. It was found that the desaturation rate in the inner medulla was mainly dependent on urine flow, in such a way that the fractional rate of removal increased from 0.05 to 0.75 min" 1 when urine flow was raised from 0.1 to 5 cc/min/kidney. Saline, mannitol and water diuresis had the same effect. On the basis of pelvic urine desaturation curves, which were practically identical to desaturation curves from the tip of the papilla, it was calculated that as much as two-thirds of the medullary hydrogen content may be removed by urine. The clearance rate was higher in the outer medulla and less dependent on urine flow. No consistent correlation with effective renal blood flow could be demonstrated in any segment of the medulla. The results indicate a very high efficiency of the countercurrent exchange mechanism with respect to hydrogen, and recordings from the corticomeduHary border gave direct evidence for a high degree of hydrogen shunting across the vessel loops. Physiological implications of the findings with respect to oxygen and sodium chloride are discussed.
